Maize dwarf mosaic and sugarcane mosaic, the diseases incited by Maize dwarf mosaic virus (MDMV) and Sugarcane mosaic virus (SCMV), are among the most important maize viral diseases worldwide (28) . The two viruses are related members of the genus Potyvirus that are nonpersistently transmitted by aphids (16) and can be mechanically transmitted experimentally. They are differentiated from one another by host range, geographic distribution, and genome sequence. Sources of resistance have been identified in tropical (1) , European (13) , and U.S. corn belt (8) germplasm.
MDMV resistance was linked with a locus on the short arm of chromosome 6 in studies using reciprocal translocations (4, 7, 24, 25) , morphological markers (22) , and restriction fragment length polymorphism (RFLP) analysis (11, 12) . The genetically dominant locus identified in maize inbred line Pa405 was named Mdm1 (11) . However, these early genetic analyses showed variation in both the numbers of genes involved in resistance to MDMV and their modes of action. This variation was attributed to the use of different resistance sources, disease escapes, mixtures of viruses and virus strains, different classification systems for resistant and susceptible plants, and the type of analysis used (6) . In addition, McMullen and Louie (11) suggested that other genes modify the activity of Mdm1.
SCMV resistance was associated with a dominant gene, Scm1, on the short arm of chromosome 6 in maize inbred line D32 (3, 13) . In contrast to MDMV, a second dominant locus for SCMV resistance, Scm2, was found near the centromere of chromosome 3 (2, 3) . Although allelism tests indicated the presence of a common dominant gene for SCMV resistance in European inbreds and Pa405 (30) , it is not known whether Mdm1 and Scm1 are tightly linked genes or the same gene.
The goal of this study was to determine the responses of a widely based collection of germplasm to inoculation with MDMV and SCMV, and to test the hypothesis thatPreviously, Mdm1, a gene controlling resistance to Maize dwarf mosaic virus (MDMV), was identified in the inbred line Pa405. The gene was tightly linked to the restriction fragment length polymorphism marker umc85 on the short arm of chromosome 6. This chromosomal region is also the location of resistance genes to two other viruses in the family Potyviridae, Sugarcane mosaic virus (SCMV) and Wheat streak mosaic virus (WSMV). A diverse collection of 115 maize inbred lines was evaluated for resistance to MDMV and SCMV, and for MDMV resistance loci on chromosome 6S. Forty-six resistant inbred lines were crossed to three MDMVsusceptible inbred lines to develop F 2 populations. The F 2 populations were inoculated with MDMV and scored for infection and symptom type. Environmental factors influenced both the rate and type of symptom development. Bulked segregant analysis of each F 2 population indicated that, in 42 of 43 MDMV-resistant lines, chromosome 6S markers found in the resistant parent also were present in the bulked resistant but not the susceptible tissue. Markers previously associated with resistance to both SCMV and WSMV on chromosome 3 and to WSMV on chromosome 10 were associated with resistance in nine and seven of the F 2 populations, respectively. These data suggest that Mdm1 or closely linked genes on chromosome 6S are associated with MDMV resistance in most germplasm, but that other loci also may affect resistance.
Additional keywords: potyvirus, restriction fragment length polymorphism (RFLP), simple sequence repeat (SSR) with MDMV and 11, 14, 17, 23, 27 , and 30 dpi with SCMV. Results presented are from three independent experiments for each virus.
F 2 population development and phenotype evaluation. F 2 populations were developed from 46 inbred lines that either had less than 25% MDMV or SCMV infection at the last rating date in initial experiments, previously were reported as MDMV resistant, or previously were used as the resistant parent in genetic crosses. Each line was crossed to the MDMVsusceptible inbred lines Oh28, yM14, and K55. F 1 progenies were self pollinated to create F 2 populations.
Twenty-five seedlings from each F 2 population were tested for their response to MDMV inoculation as described above. Inbred lines Oh28, yM14, K55 (susceptible), and Pa405 (resistant) served as controls. Numbers of symptomatic plants were determined at 10, 15, 20, and 25 dpi. Plants with limited symptoms were scored as infected when detected. The data presented are for four independent experiments.
Genotypic analysis. Leaf tissue was collected from the F 2 populations from one replicate of the test for MDMV susceptibility for bulked segregant analysis (14) . For each population, plants with clear mosaic symptoms at 15 dpi were used for the susceptible pool and plants that were asymptomatic at 25 dpi were used for the resistant pool. Tissue was frozen in liquid nitrogen and lyophilized, and DNA was extracted by the cetyltrimethylammonium bromide method (21) . For each population, DNA from each of the three susceptible parents and the F 2 resistant and susceptible pools was analyzed. RFLP and simple sequence repeat (SSR) analyses were carried out as previously described (5), using markers described in the Maize Genetics and Genomics Database. Markers (and their bins) evaluated in this study include RFLP probes umc85 (6.01), jc1270 (6.0), umc102 (3.05), umc44 (10.06), and umc167 (1.05); and SSR probes bnlg1422 (6.01), umc1133 (6.01), bnlg1867 (6.01), bnlg1505 (3.05), mmc0132 (3.04), and bnlg1360 (10.07). Enzyme-probe combinations were chosen to ensure that polymorphisms were present among the RFLP or SSR alleles for the three susceptible parents. This facilitated identification of polymorphic alleles between the resistant parent (allele unknown) and at least one of the susceptible parents.
Data analysis. Variation among experiments in the percentage of infected plants was evaluated at each scoring date by analysis of variance (ANOVA). Mean infection levels were calculated for inbred lines using the number of infected plants at the last scoring date. Area under the disease progress curve (AUDPC) scores (27) were based on a simplified disease severity rating system (asymptomatic plant = 0, delayed or limited symptoms = 1, and systemic mosaic symptoms = 2). The mean disease severity score for each scoring date was used to calculate the AUDPC. The relative rankings for inbred lines and F 2 populations among experiments were compared using Spearman's rank correlation coefficients using the CORR function of SAS (ver. 9.1; SAS Institute, Cary, NC). For the F 2 populations, χ 2 tests were used to examine goodness of fit to a 3:1 (resistant:susceptible) ratio, indicating resistance controlled by a single dominant gene at each scoring date using SAS.
RESULTS
Response of maize germplasm to MDMV and SCMV. In experiments to characterize the responses of 115 maize inbred lines to inoculation with MDMV and SCMV, the susceptible inbred line Oh28 and resistant inbred line Pa405 were 100 and 0% infected, respectively, at all scoring dates for each of the three independent experiments with each virus. This indicates that the experimental conditions were suitable for identification of resistant and susceptible responses. Consistent with previous studies (1, 6) , mean infection levels for SCMV were higher than those for MDMV at all scoring dates, with a mean incidence of 74 ± 39% (mean ± standard deviation.) and 53 ± 43% for SCMV and MDMV, respectively, at the last scoring date (data not shown). For both viruses, ANOVA indicated that the mean incidence varied significantly among experiments on some scoring dates, as did AUDPC scores (data not shown). However, there was a strong correlation in the relative responses of the inbred lines to MDMV and SCMV, as indicated by highly significant Spearman's rank correlation coefficients for both disease incidence and AUDPC score (Table 1) . Therefore, the data were pooled for further analysis. Possible sources of variation among experiments were the effects of seasonal differences in greenhouse environmental conditions on plant growth, virus titer of the inoculum used, and difficulties detecting symptoms in genetically diverse lines under variable light conditions.
Of the 115 inbred lines tested, 15 and 10 had no symptoms at the last rating date with MDMV and SCMV, respectively, in any of the experiments. However, viruslike symptoms were observed on a few plants of lines HIX4231 and Pa405 at earlier rating dates, resulting in positive AUDPC scores. Incidences of infection between 0 and 10% were found for another 11 (MDMV) and 5 (SCMV) lines. In contrast, 29 and 34% of the lines inoculated with MDMV and SCMV, respectively, were completely susceptible. In most cases, lines infected with MDMV were infected at equal or higher incidence with SCMV. However, eight lines had substantially lower incidence (>1 standard deviation) of SCMV infection than MDMV infection and 38 lines had lower incidence of MDMV than SCMV infection.
To determine whether some lines that ultimately had a high incidence of infection expressed resistance in the form of delayed or reduced symptom development, a modified disease severity rating system was used to calculate AUDPC scores. T256 inoculated with SCMV had the highest AUDPC score (31.5 ± 7), and the susceptible Oh28 had AUCPC scores of 29.2 ± 1.1 and 30.5 ± 8.1 for inoculation with MDMV and SCMV, respectively. Several lines that had over 80% disease incidence had AUDPC scores less than 5 (e.g., Tx5855, FLA 2 BT 106, and Pa884 P with MDMV, and A632 with SCMV). These data suggest that, at least in these lines, resistance can be expressed as either limited symptoms or as a delay in symptom appearance. The relative AUDPC scores were similar for MDMV and SCMV inoculation as indicated by the Spearman's rank correlation coefficient (ρ = 0.552; P < 0.0001).
Association of MDMV resistance with loci on chromosomes 1, 3, 6, and 10. Forty-six of the inbred lines were selected for further analysis based on their resis- tance to MDMV infection in initial experiments or previous reports of MDMV resistance (4, 8, 15, 22, 23) . Of these, the responses for three of the inbred lines (Mp448, DR, and Narrino 330) were not included because of limited seed availability and difficulties with growing the lines in the greenhouse. F 2 populations derived from crosses of the 46 lines with three different susceptible parents were tested for their response to MDMV inoculation. ANOVA indicated significant variation in mean MDMV incidence at all rating dates as well as in mean AUDPC scores among the experiments (P < 0.0001, data not shown). However, the relative rankings scored by the different F 2 populations by AUDPC were quite similar among experiments, as indicated by Spearman's rank correlation coefficients (Table 1) . Therefore, the data were pooled for further analysis. In all experiments, the susceptible inbred lines Oh28, K55, and yM14 were 100% infected by the last rating date and the resistant line Pa405 was asymptomatic at all rating dates, indicating that experimental conditions were suitable to demonstrate susceptible and resistance host responses (data not shown).
A range of responses to MDMV inoculation occurred among the F 2 populations (Table 2 ). Some populations (e.g., those derived from Oh1VI, ICA L219, and DR crosses) had a low incidence of MDMV infection at all rating dates. All populations showed some resistance to MDMV, with significantly lower AUDPC scores than the susceptible parent controls. Interestingly, there was significant variability among F 2 populations derived from the same resistant parent for half of the lines. On average, F 2 populations using Oh28 as the susceptible parent had significantly higher AUDPC scores than those derived from yM14 or K55. x Disease severity (area under the disease progress curve [AUDPC]) for F 2 populations derived from the cross of the indicated inbred line crossed to each of three MDMV-susceptible parents. The data represent the means of four independent experiments. Values within a row followed by the same letter or no letter are not significantly different (P < 0.05). For each cross, markers from the resistant inbred on chromosome (Chr.) 6S, 3L, 10, or 1 were associated with the asymptomatic pool as indicated; nd = not determined. y Disease severity for F 2 plants inoculated with MDMV. The data presented are AUDPC scores averaged over the three F 2 populations for four independent experiments. Data are expressed as the mean ± standard deviation. z The basis for selecting inbred lines for F 2 population development was performance in the inbred screening experiments (I), known resistance to other maize viruses (O), or use as the resistant parent in previous genetic studies of virus resistance (P).
The χ 2 tests were used to determine the goodness of fit of MDMV incidence in the F 2 populations to a 3:1 (resistant: susceptible) ratio for a single dominant gene model at each scoring date (Table 3) . More than 80% of the populations having yM14 or K55 as the susceptible parent fit the model at 15 dpi. For Oh28, 62% of the populations fit the 3:1 segregation model at 15 dpi. On day 10, all but one population that did not fit the model had an excess of asymptomatic plants, indicating that the disease had not developed fully in this period. By the last rating date (25 dpi), all populations that did not fit the model had an excess of susceptible plants.
Virus resistance in the F 2 populations was associated with RFLP and SSR markers located on chromosomes 6S, 3, 10, or 1 ( Table 2 ) that previously were shown to be tightly linked to virus resistance (18) . For markers associated with resistance, alleles from both the resistant and susceptible parents were found in DNA from the pool of asymptomatic plants, and the allele from the susceptible parent alone was found in DNA from the symptomatic pool (Fig. 1) . Markers located on chromosome 6S were associated with MDMV resistance in 42 of the 43 inbred lines tested (Table  2) . Markers on chromosome 3 were associated with MDMV resistance in nine inbred lines and 12 F 2 populations. Markers on chromosomes 10 and 1 were associated with resistance in seven and four inbred lines, respectively. Resistance in ICA L210 was not associated with chromosome 6S; however, the locus from the resistant parent on chromosome 3 was present in this line. In all cases where the markers were polymorphic, DNA from the resistant pool had markers from both the resistant and All  13  82  44  20  24  63  20  10  2  82  36  11  Chr6  14  81  62  24  31  81  19  12  10  86  43  14  Single gene  12  81  58  23  29  82  18  12  12  88  42  15 y The F 2 populations were derived from a cross of the inbred line noted at the left crossed to the indicated susceptible line. Numbers indicate the number of asymptomatic individuals/number of symptomatic individuals. Data are the sum of four independent replications; * indicates that the ratio of asymptomatic/symptomatic plants fits a χ 2 goodness of fit (P < 0.05) for a 3:1 segregation model for a single dominant gene. z The percentage of F 2 populations that fit the model at each rating date for all populations, those populations in which a gene on chromosome 6 (Chr. 6) was associated with resistance, and those populations for which a single gene on chromosome 1, 3, 6, or 10 was associated with resistance.
susceptible parents, and the susceptible pool had only the marker from the susceptible parent. These data are consistent with dominant gene action, although the presence of disease "escapes" in the resistant pool cannot be ruled out.
DISCUSSION
The inbred lines used in this study were selected from a diverse set of germplasm to find new alleles for MDMV and SCMV resistance, and to determine the role of Mdm1 in the resistance response of the lines. Inbred lines of tropical origin that previously were screened for resistance to multiple diseases, including MDMV and SCMV (1), were included, as were U.S. lines used in earlier virus resistance studies (4, 8, 15, 23) . The experiments were designed to minimize the variability due to environment and inoculation method by screening seedlings after multiple MDMV or SCMV leaf-rub inoculations in the greenhouse. Although susceptible lines were uniformly 100% infected with MDMV and SCMV by 10 dpi, there was significant variation in disease incidence and AUDPC score among experiments. However, there was a relatively strong correlation in the ranks of the inbred lines between experiments, and this allowed us to pool the results for further analyses. These results indicate that there is an effect of environmental conditions on disease development in the greenhouse. Our results are consistent with previous studies indicating an environmental influence on the expression of MDMV resistance (17, 23) .
The responses of the inbred lines to inoculation with MDMV and SCMV were consistent with those from previous studies (1, 6, 8) . More plants were infected with SCMV than with MDMV (74 versus 52%). In addition, more lines (54 versus 24) were 100% infected with SCMV compared with MDMV and fewer lines (10 versus 15) had no symptoms after SCMV inoculation. Some inbred lines were identified that were highly resistant to MDMV and fully susceptible to SCMV (e.g., Mp705 and ICA L210). However, no lines were found that were susceptible to MDMV but highly resistant to SCMV. These results suggest that either multiple loci (e.g., Scm1 and Scm2) are required for SCMV resistance or that different factors are required. For lines such as Fla2BT 106 or Pa884 P inoculated with MDMV, a high percentage of plants were symptomatic, but symptoms were either limited or delayed in appearance, as indicated by a relatively low AUDPC score. This result suggests that quantitative as well as qualitative resistance to MDMV is present among the inbred lines tested, similar to that described for Scm2 in the European line FAP1360A (2) .
Molecular markers on the short arm of chromosome 6 were linked to the resistant pool in 42 of the 43 inbred lines for which association could be determined (Table 2) , confirming the hypothesis that the Mdm1 gene or cluster of genes in this region is primarily responsible for MDMV resistance in these maize lines. However, in line ICA L210, resistance to MDMV was associated with chromosome 3 in the region where Scm2 was identified (2, 3, 13) . Markers from regions of chromosomes 3, 10, and 1 previously associated with potyvirus resistance (18) also were associated with MDMV resistance in a number of lines. The χ 2 analysis indicated that resistance fit a 3:1 segregation ratio at the 15 dpi rating date for most lines. Prior to this time, symptom development was not fully established, as reflected in the excess of asymptomatic plants. After 15 dpi, resistance apparently breaks down in some lines and populations (Table 3 ). Yuan et al. (32) suggested that host development regulates the expression of quantitative trait loci (QTL) for SCMV resistance in mapping populations derived from the European line FAP1360A. Similarly, it is possible that some alleles of Mdm1 or other resistance genes on chromosome 6S may be developmentally regulated. Only the three F 2 populations derived from Oh1VI and DR maintained a 3:1 ratio from 15 dpi through the last scoring date. For Cuba, two of the three F 2 populations maintained a 3:1 ratio from 15 dpi through the last scoring date. It is interesting that segregation of resistance in DR and Cuba crosses fit a 3:1 ratio even though multiple loci were associated with resistance for these lines. However, if the genes on chromosomes 3 and 10 act as modifiers of Mdm1 activity that delay infection or resistance breakdown, the observed patterns of marker and resistance segregation could occur. The high level of potyvirus resistance in Cuba, DR, and Oh1VI may make these tropical inbred lines useful for developing virus-resistant hybrids. Higher-thanexpected levels of infection in maize inbred lines carrying resistance genes previously have been noted under greenhouse conditions (8, 13) . In fact, Scott and Louie (23) proposed that, because screening conditions allowed for selection of the most resistant genotypes, it was preferable to do first screenings under greenhouse conditions, prior to screening materials under field conditions.
The relative resistance of F 2 populations to MDMV generally was similar to that found for the inbred lines alone, although there were notable exceptions. For example, the B68 inbred line was completely resistant to MDMV and SCMV, but the F 2 population ranked 41 out of 46 populations tested for AUDPC score (Table 2 ). This line combined particularly poorly with yM14, with about 90% of the F 2 plants being infected at 25 dpi. Lines ICA L219, Mo18W, and ICA L210, for which MDMV resistance was associated with markers on chromosome 3 near Scm2, were completely susceptible to SCMV. Further work to elucidate the nature of the MDMV resistance associated with chromosome 3 would be of interest.
The importance of the interaction between specific resistant and susceptible parents is seen in the wide variation in AUDPC scores of the F 2 populations having a common resistant parent (Table 2) . F 2 populations derived from Pa11 had the lowest AUDPC scores for the cross to Oh28, and the highest of all values for the cross to K55. Although this is the most dramatic case, significant differences among F 2 population responses for different susceptible parents were found for 23 of the 42 inbred lines. For the three susceptible parents used in this study, mean AUDPC scores were significantly higher for crosses made to Oh28, suggesting that this line has the weakest genetic background for MDMV resistance. Differences in MDMV resistance among populations having the same resistant and different susceptible parents also were noted by Melchinger et al. (13) and McMullen and Louie (11) .
Differences in the developmental expression, strength, and dominant character of Mdm1 and other resistance alleles on chromosomes 6, 3, 1, and 10 were evident from both the χ 2 analysis and the variability of F 2 populations derived from resistant inbred lines (Tables 2 and 3 ). Most symptomatic plants had a systemic mosaic similar to that seen in the susceptible controls. However, symptom appearance was delayed in some plants relative to susceptible controls, and limited symptoms or limited symptoms that developed into full mosaics at later scoring dates were seen in other individuals. It is likely that plants with delayed or limited symptoms carry resis- tance alleles that are affected by environment, heterozygosity, or the presence or absence of minor resistance or effector genes. Xu et al. (31) showed that virus resistance from Scm1 is four times stronger than that from Scm2, and that the dominance character of the genes depended on the environment. Unlinked minor genes could affect the durability of resistance or the rate and extent of symptom development (29) . These results are consistent with the hypothesis that Mdm1 is a dominant resistance gene, and that genes on chromosomes 3 and 10 may modify that resistance by delaying its breakdown, delaying or reducing infection, or limiting symptom expression. Others hypothesized that, in addition to Mdm1, modifying or minor genes are necessary to attain high levels of resistance to MDMV or SCMV, and the breakdown of resistance over time is a result of lack of these genes (7, 15, 19, 20, 25, 26) . However, these genes cannot be detected with the approach used here, and will require QTL analysis of F 2 plants.
The results presented here indicate that MDMV resistance is present in a wide variety of tropical and U.S. maize germplasm. This range of germplasm should facilitate development of maize hybrids that combine virus resistance with other desired traits. In addition, Mdm1 or closely linked genes on chromosome 6S clearly are important for MDMV resistance in most of this germplasm. However, the complexity of the results suggests that other factors, including minor genes, dosage effects, and genotype-environment interactions, all may contribute to the expression of resistance. These results also indicate that multiple genomic regions can be important for MDMV resistance, and this may need to be taken into account when making selections based on phenotype alone.
